ABSTRACT
INTRODUCTION
Normal human and mouse melanocytes and melanoma cells express MC1R, a G-protein coupled receptor that regulates the biogenesis and maintenance of melanosomes, the specialized lysosomal compartments within which melanin pigments are synthesized. Ligation of MC1R by its primary agonist alphamelanocyte stimulating hormone (α-MSH) up-regulates melanogenesis and induces expression of enzymes in the eumelanin biosynthetic pathways in human and mouse skin melanocytes and cutaneous melanoma cells. Pigment synthesis is also regulated by the natural inverse agonist of MC1R, human ASIP [1, 2] and its homolog mouse ASIP protein (agouti switch protein or agouti signaling protein) [3] . ASIP abates α-MSH-induced signaling by competing for the same binding site, and by inverse agonist action that modulates MC1R signaling in a way different from that induced by α-MSH [4] [5] [6] [7] [8] . α-MSHinduced signaling acts primarily through up-regulation of the microphthalmia-associated transcription factor (Mitf) [9] , whereas, ASIP-induced signaling inhibits pigment synthesis by down-regulating translation of Tryp1 mRNA, an enzyme in the melanin synthesis pathways [10] . www.impactjournals.com/oncotarget Mutations in MC1R are moderate risk factors for melanoma in humans that are thought to act by loss of function ( [11] [12] [13] [14] [15] and reviewed in [16, 17] ). Mutations in human ASIP are also moderate risk factors for melanoma, albeit ones with low penetrance [18, 19] . MC1R mutations associated with fair skin and red hair [20] may increase melanoma risk through insufficient pigment protection of genomic DNA from ultra-violet light damage; however, some MC1R mutations that increase melanoma risk are not associated with fair skin and red hair and do not alter pigment synthesis [21] . These observations indicate that a pigment-independent mechanism exists, but the basis for this increased risk has not yet been identified and it is not known which MC1R signaling pathway is involved in the pigment-independent mechanism, α-MSH agonist-or ASIP-inverse agonist induced signaling. In favor of loss of agonist induced MC1R signaling being involved in both pigment-dependent and independent mechanisms, it is known that α-MSH stimulates melanocyte precursor differentiation and inhibits melanocyte and melanoma cell migration in cell culture [22] [23] [24] , and siRNA depletion of the downstream α-MSH effector, Mitf, increased B16 melanoma cell colonization in lungs [25] , although coinjection of α-MSH and murine B16-F1 melanoma cells into mice did not reduce lung tumors [26] . While ASIP stimulates opposite effects, that is, de-differentiation of melanocytes, human melanoma and murine B16-F1 melanoma cells, and increases their migration in wound healing assays [24, 27] , the effect of ASIP induced MC1R signaling on melanoma colonization in vivo is not known.
In addition, the possibility that MC1R is a growth receptor for melanoma has not been determined. While α-MSH stimulates melanocyte precursor proliferation in vitro suggesting that MC1R is a melanocyte precursor growth receptor, there is conflicting in vitro evidence on a role for MC1R as a melanoma growth receptor and this possibility has also not been examined in vivo. Purified recombinant ASIP (rASIP) inhibited growth of the B16-F1 sub-line at levels similar to growth inhibition by α-MSH, e.g., 20-40% reductions [8, 10] . However, in three contrasting reports, a four-day exposure to rASIP or to a synthetic peptide derived from human ASIP (YY-ASIP) did not affect growth of melan-a melanocytes, B16-F1 cells, and attractin or mahogunin null melanocytes [4, 27, 28] , whereas full-length ASIP inhibited proliferation [27] . Growth inhibition was not noted when ASIP was overexpressed in A2058 human melanoma cells in vitro [10] .
Taking advantage of the lack of ASIP expression in the B16 melanoma and its sub-lines due to homozygous insertion of a transposable element in the first intron of the a gene encoding ASIP [29] , we generated B16-F10 cells stably expressing an ASIP cDNA and compared their colonization, tumor growth and survival outcomes when implanted in syngeneic C57BL/6 mice to that of the parent ASIP-negative B16-F10 cells to investigate a possible role of MC1R in regulating tumor colonization and growth that could be involved in the melanoma risk associated with variants of these proteins.
RESULTS

Establishment and characterization of an ASIP-expressing B16-F10 melanoma sub-line
To study the effect of MC1R inhibition on melanoma engraftment and growth in vivo we devised a strategy that would result in local expression of ASIP as an alternative to systemic delivery of ASIP, which is predicted to have adverse effects including obesity, development of type-II diabetes, and premature infertility [30, 31] . To this end, we established an ASIP-expressing sub-line of murine B16-F10 melanoma cells, which naturally lacks endogenous ASIP expression due to transcriptional interference from homozygous insertion of a retrotransposable element in the C57BL/6 mice from which the original B16 tumor line was derived [29, [32] [33] [34] . To confirm the biological activity of mouse ASIP in our system we transfected HEK293 cells with a plasmid containing the mouse ASIP cDNA, which resulted in the expression of a 17 kDa species that reacted with anti-ASIP antiserum in both the culture supernatant and cell lysates ( Figure 1A ; full blot image shown in Supplementary Figure S1 ). When cell-free supernatants from the transfected cells were applied to B16-F10 cultures, pigment synthesis was suppressed indicating that the expressed ASIP was secreted and biologically active ( Figure 1B) . Likewise, in co-cultures of B16-F10 cells and ASIP cDNA-transfected HEK293 cells, but not control mock-transfected HEK293 cells, the amount of melanin pigment was reduced proportionally to the numbers of ASIP cDNA-transfected cells in the co-cultures ( Figure 1C ).
Next we generated stable ASIP-secreting B16-F10 cells using a lentivirus vector since calcium and lipid agent transfection efficiencies in the tumor cells were less than 15% and their intrinsic drug resistance extended to as great as 2000 μg/ml G418 and 5 μg/ml puromycin, precluding selection for ASIP expressing cells using linked drug resistance (data not shown). This oligo-clonal population of tumors cells was designated B16-ASIP, which showed low but detectable levels of ASIP secretion as judged by Western blot analysis of culture medium using anti-ASIP antiserum (data not shown). Lacking a basis for selection of this population using drug resistance markers, we identified ASIP(+) sub-clones by bioassay for inhibition of melanin synthesis and by Western blot (data not shown). One of the sub-clones showing high ASIP expression, designated B16-ASIP*, was marked with the red fluorescent protein mCherry (B16-ASIP-mChy) by a second lentivirus transduction, while parental B16-F10 cells were marked with green fluorescent protein (B16-GFP) to facilitate identification and enumeration of the two tumor cell types following implantation into mice.
We then characterized the in vitro migration and growth properties of the single cell sub-clonal B16-ASIP-mChy line to determine if ectopic ASIP expression affected biological properties of B16 cells known to be mediated through MC1R. We performed wound-healing assays and compared the migration rate of B16-ASIPmChy tranduced sub-clone to the parental B16-F10 line. The ASIP-expressing cells were more mobile than parental B16-F10 ( Figure 1D , upper left panel), in agreement with previous reports that addition of exogenous ASIP increases migration of B16-F1 cells [8, 27] . The increased migration we observed was evidently due to competitive inhibition of MC1R by secreted ASIP since addition of excess agonist ligand α-MSH reversed this trait ( Figure 1D , upper right panel), but addition of two control agonists, the somatostatin receptor agonist somatostatin-14 (Sst-14) and the glucagon-like peptide receptor-1 agonist exendin-4 (Ex-4), which like MC1R are G protein-coupled receptors expressed by B16-F10 cells [35] [36] [37] , did not ( Figure 1D ).
We also compared the growth rate of the B16-ASIP-mChy cell line to the parental B16-F10 cells and the B16-GFP line. In contrast to previous reports that addition of exogenous ASIP had anti-proliferative effects on the B16-F1 line [8, 27] , we found that the rate of B16-ASIP-mChy cell growth was comparable to the parental B16-F10 and the B16-GFP cells over a 4-5 day period in culture ( Figure 2A and Supplementary Figure S2A ). Even when co-cultured for 4 days in a 1:1:1 admixture of B16-F10:B16-GFP:B16-ASIP-mChy, the ratio of the three cell types remained constant (~33% for each cell type), which is consistent with secreted ASIP having no effect on the growth rate of co-cultured ASIP-negative B16-F10 cells ( Figure 2B ). We confirmed that both the ASIP-mChy and the GFP-transduced lines retained MC1R expression and that MC1R was not down-regulated in the ASIPexpressing cells (data not shown).
While their proliferative rates did not differ significantly, the cultured ASIP-expressing tumor cells did show reduced heterogeneity in cell shape and particularly in colony morphology ( Figure 2C ). For these experiments we used the B16-ASIP* cells prior to marking with mChy. When plated at low density, the parental B16-F10 cells Thirty-six hr cell-free supernatants from transfected 293 cells were added to low density B16-F10 cultures and melanin released into the media was quantified daily for three days. Values shown were normalized to the melanin content of the seventy-two hr supernatant from B16-F10 cultured in the absence of ASIP which was set to 100%. C. Suppression of melanin synthesis is dose dependent with respect to ASIP. Images show culture medium and cell pellets from control B16-F10 or B16-F10 co-cultured with 293 cells transiently expressing ASIP in the indicated ratios. D. B16-ASIP-mChy cells migrate at a faster rate than B16-GFP cells (upper left graph) in a manner that is reversed by addition of the MC1R agonist α-MSH (upper right graph, +α-MSH). Migration was not affected by addition of two control peptide hormones, somatostatin (+Sst-14) and exendin-4 (+Ex-4) whose GPCR receptors are expressed on B16-F10 cells. Shown is a representative experiment from three independent wound healing assays performed. Values are the mean ± standard deviation for triplicate cell wounds made in the same well after addition of the indicated peptide hormone. Peptide hormone concentrations were 1 μM α-MSH and Sst-14 and 10 nM Ex-4. *, p value <0.0001. tended to grow on top of each other as well as grow radially outward, whereas the B16-ASIP* population grew in a more dispersed pattern and had less tendency to pileup on top of each other. This latter trait apparently resulted in a more uniform colony size that was ~2-fold larger in area in the ASIP-expressing population compared to parental B16-F10 colonies ( Figure 2D ; p-value < 0.0001, n = 32).
Collectively, the data shown in Figures 1  and 2 demonstrate that the ectopically expressed ASIP is secreted and is biologically active in inhibiting melanogenesis and increasing cell migration through effects on MC1R, but unlike reports that ASIP inhibited cell growth of B16-F1 cells in vitro, we found that the B16-ASIP-mChy cells had similar growth rates to the parental B16-F10 line. The difference between our results on growth in vitro with those of others may be due to the different metastatic potentials of the F1 and F10 cell lines, where the F10 line is considered more metastatic [33] . It is unlikely that the differences are due to the clonal nature of the mChy-marked cell line since the growth properties of the oligo-clonal population of B16-ASIP cells were similar to its subclonal B16-ASIP-mChy line (see Figures 3A and 4  below) . The results from the co-culture experiment supports this idea since we observed no reduction in the growth of the parental B16-F10 cells when grown together with the ASIP-secreting cells, although we cannot discount that the difference could be due to the amount of ASIP secreted by the B16-ASIP-mChy line being insufficient to inhibit growth, yet enough to down-regulate melanogenesis and increase cell migration.
ASIP-transduced melanoma cells inhibit melanin synthesis in a dose dependent manner in vivo
Although the in vitro properties of the sub-clonal B16-ASIP-mChy correlated with previous studies using recombinant and synthetic ASIP and were similar to its oligo-clonal B16-ASIP population, there was a possibility that when used in vivo the sub-clone might give ungeneralizable cell-autonomous results. To determine if this were the case, we compared the B16-ASIP* subclone, prior to marking it with mCherry, to its oligo-clonal parent B16-ASIP in a lung metastasis model and subcutaneous tumor model. These experiments would also tell us if secreted ASIP retained inverse agonist activity against MC1R-driven melanogenesis on neighboring ASIP-null tumor cells. We implanted either parental B16-F10 cells, a 1:1 admixture of B16-F10 and the oligo-clonal B16-ASIP population or a 1:1 mix of B16-F10 and the sub-clonal B16-ASIP* line by tail vein injection using the experimental lung metastasis model in syngeneic C57BL/6 mice. Mice were euthanized on various days upon displaying respiratory distress and lungs were compared for pigmented tumor formation and ASIP expression. Tumors with intense melanin pigmentation extended throughout the lungs in B16-F10 injected mice, whereas lungs from mice injected with the mixtures of the parental ASIP-null tumor cells and both the ASIP(+) oligo-clonal population and its sub-clonal derivative contained pale tumors, some with reddish-brown pheomelanin-like pigmentation, interspersed among tumors having dark eumelanin, but in greatly reduced amounts compared to parental B16-F10 tumors ( Figure 3A ). ASIP expression was confirmed by RT-PCR using mRNA isolated from portions of fresh lung tissue ( Figure 3A Figure 4A ) similar to that observed in the experimental lung metastasis model. Another notable difference between the parental B16-F10 tumors and those formed from the B16-ASIP cells was that while the s.c. B16-F10 tumors grew as a single tumor bed that remained intact upon excision, half the mice given the 1:1 mixes bore multiple, separated tumors that did not remain well-associated at excision. Given that ASIP did not affect the rate of growth in culture, it was unexpected to find that the 1:1 mix formed palpable mixed tumors that appeared later after implantation and were reduced in size at similar time points compared to mice administered B16-F10 cells alone ( Figure 4B ). The slower growth of tumors in mice implanted with the 1:1 mixtures of parental and ASIP-expressing tumor cells correlated with a significant (Mantel-Cox, p=0.0007) 37% survival advantage over mice injected with equal numbers of the parental B16-F10 cells alone ( Figure 4C ). Importantly increased survival and slower tumor growth were seen with mixtures of both the oligo-clonal B16-ASIP and subclonal B16-ASIP* cells; of the two mice that lived longest (day 26) one received the sub-clonal B16-ASIP* cells and the other the oligo-clonal cells. Taken together these results support that the subclonal ASIP(+) cell line that was marked with mCherry and used in subsequent experiments is representative of the cell-autonomous behavior of an uncloned (e.g. oligoclonal) population of B16-ASIP cells. While we favor the hypothesis that the survival advantage in the s.c. model resulted primarily from trans inhibition of growth of the co-injected B16-F10 cells by ASIP, the data do not rule out the possibility that the survival advantage also derived from a reduced ability of ASIP-expressing cells to establish s.c. tumors. To address this possibility, we examined tumor growth and survival in the experimental lung metastasis model since this allows for quantification of individual tumor foci as well as total tumor load.
Inverse agonism of MC1R increases survival of mice in an experimental lung metastasis model
Four groups of mice (n=5) received i.v. injections of the following tumor cells: B16-GFP; B16-ASIPmChy; and either 4:1 or 1:1 ratio mixtures of B16-GFP with B16-ASIP-mChy cells. A fifth group of mice injected with vehicle (PBS-BSA) alone served as the negative control. When each animal reached endpoint criteria for euthanasia (respiratory distress or >20% weight loss), the large left lobe of each lung was fixed and single cell suspensions were obtained from the remaining fresh lung tissue. Figure 5A shows there was a statistically significant (p-value = 0.0005), 20% increase in median survival time (16 days versus 20 days) of mice bearing the B16-ASIP-mChy tumors relative to mice with B16-GFP tumors. Mice given the 1:1 mix also had a slight, but still significant (p=0.0054) increase in survival compared to the B16-GFP cells alone, but there was no survival advantage when the ratio of B16-GFP to B16-ASIP-mChy was increased to 4:1( Figure 5A ). As expected, the fixed lung lobes from mice given B16-GFP cells alone were heavily populated by melanotic tumors, whereas pigmentation was inversely proportional to the number of ASIPsecreting cells and mice injected with B16-ASIP-mChy cells alone showed little or no eumelanin pigment (Supplementary Figure S3A) , suggesting that inhibition of MC1R by ASIP contributed to the longer survival observed.
To ensure that mice in each group received comparable tumor inocula of defined composition, we performed flow cytometry on the cell mixtures prior to injection ( Figure 5B ). Since, the 1:1 mixture was made by combining equal volumes of the B16-GFP and B16-ASIP-mChy cell suspensions, this analysis confirmed that comparable concentrations of tumor cells were present in each tumor cell suspension, suggesting that, like in the s.c. model, ASIP expression contributed to the longer survival. Interestingly, we found that when mice bearing the B16-ASIP-mChy tumors reached euthanasia criteria, they had larger tumor loads than mice bearing B16-F10 tumors ( Figure 5C and Supplementary Figure S3A , p=0.0325). This trend was also seen in mice receiving the 1:1 mix. A second interesting finding was that the percentage of B16-GFP to mCherry-marked B16-ASIP cells was higher than it had been at implantation. Mice injected with a 1:1 mix reached endpoint criteria with an average 2.1:1 ratio of B16-GFP to B16-ASIP-mChy cells while those in the 4:1 mix group, which had reached endpoint two days earlier, did so with a mean ratio of 5.4:1 in their lungs ( Figure 5C and Supplementary Figure S3B) . These findings suggest that in vivo, the ASIP-expressing cells exhibited slower growth than the B16-GFP cells, which could partially explain why mice bearing B16-ASIP-mChy tumors showed increased survival, although it does not explain why the B16-ASIP-mChy and a 1:1 mix groups reached endpoint criteria with higher tumor loads.
ASIP expression reduces tumor growth but not engraftment in the lung
To determine whether increased survival in mice receiving B16-ASIP cells resulted from reduced extravasation or engraftment capability, or was due to slower growth of the tumors in the presence of ASIP, two groups of 5 mice each were injected by tail vein with either B16-GFP alone or B16-ASIP-mChy alone. The negative control group received vehicle only. All animals were euthanized and lungs were harvested on Day 12. This time was chosen as one where tumors would be small enough that individual ones could be distinguished for enumeration using fluorescence microscopy, yet the tumor load would be sufficiently high for quantification by flow cytometry.
Since mice were injected with equal numbers of each tumor type, any differences in tumor load measured as the percentage of GFP+ or mChy+ cells in total lung cell suspensions could be due to a reduced engraftment capacity, in which case the B16-GFP group should have a greater number of individual tumors than lungs from the B16-ASIP-mChy group. Alternatively, the difference could be due to a slower growth rate of the B16-ASIPmChy cells in vivo, in which case the number of individual tumors would be comparable for the B16-GFP alone and B16-ASIP-mChy alone groups.
Tumors were counted using fluorescence micrographs of the dorsal side of each fixed left lung lobe so that the unpigmented ASIP-expressing tumors could be visualized. Tumor burden was determined by flow cytometry of fresh lung cell suspensions from the remaining lung tissue. Mice implanted with B16-GFP cells alone had an approximately 2-fold higher tumor load on Day 12 than mice bearing B16-ASIP-mChy tumors alone ( Figure 6A ) and this difference was statistically significant (p=0.0205). Importantly, the engraftment of ASIP-expressing cells was comparable to that of B16-GFP cells as judged by the mean number of tumors in mice implanted with each cell type alone ( Figure 6A) . Specifically, the similar numbers of physical tumors indicated that the 2-fold difference in tumor load was not due to reduced extravasation or engraftment efficiency of the B16-ASIP-mChy cells. We conclude instead that the tumor load difference was due to a 2-fold slower in vivo growth rate of the ASIP-expressing tumors.
As a test of this interpretation a group of 5 mice was injected with a mixture of tumor cell types. A negative control group received vehicle only. A roughly 3:1 mix of B16-GFP to B16-ASIP-mChy cells was chosen as one that was intermediate to the previous mixtures, which we hypothesized would be more informative of engraftment and growth capacity. The actual input ratio of the tumor inoculum was determined by flow cytometry prior to implantation to be 2.7:1 ( Figure 6B ). Results obtained on Day 12 from this group of mice support the interpretation that ASIP-expressing tumor cells grow significantly more slowly in mouse lungs. After 12 days of growth, the ratio of GFP+ to mChy+ tumor number was similar to the ratio of cells used for implantation, consistent with comparable engraftment capacity ( Figure 6C and Supplementary Figure S4B) . However, in determining tumor load by flow cytometry there was ~6-fold more GFP+ than mChy+ cells ( Figure 6C and Supplementary Figure S4C) , which corresponded to an ~2-fold increase in the GFP+:mChy+ tumor cell load relative to the input ratio. Taken together these findings indicate that the in vivo doubling time for ASIP-expressing melanoma cells was approximately 2-fold longer than that of ASIPnegative tumor cells.
Consistent with their slower rate of growth, B16-ASIP-mChy tumors appeared smaller in size ( Figure 7 ). The B16-GFP tumor masses were distinctly larger and contained more dense and heterogeneous arrangements of tumor cells, while the B16-ASIP-mChy cells formed tumors that appeared smaller and had a more uniform cell distribution within the tumors. The tumor morphology was highly reminiscent of the more homogeneous colony shape seen when the B16-ASIP cells were grown in vitro.
DISCUSSION
In this report we describe the generation of B16 cells that stably express the MC1R inverse agonist ASIP in amounts sufficient to suppress melanogenesis when these cells are grown in culture, as well as when introduced into animals either intravenously or when implanted subcutaneously. The most unanticipated result from our studies was that chronic expression of ASIP within the tumor microenvironment provided a survival advantage to mice bearing both subcutaneous tumors and experimental lung metastases. This survival advantage was due, as least in part, to a slower rate of growth of the ASIP-expressing cells, which was not observed when the cells were grown in culture. There was no difference in engraftment efficiency as determined by enumeration of physical tumors found in the lungs after systemic administration, but a notable difference was that the individual ASIP-secreting tumors were smaller and more dispersed throughout the lung and dermal tissues compared to either the parental B16-F10 tumors or those formed by the B16-GFP cells, which were generally larger, more densely packed, and more heterogeneously dispersed within tumors.
While MC1R is well-known as a normal human melanocyte growth receptor (reviewed in [38] ), it has not previously been shown to be an important growth receptor for melanoma. Earlier studies examining the effect of MC1R signaling on melanoma cell culture proliferation were inconsistent, with some reports observing no effect while others describing modest effects on growth [4, 8, 10, 27] . Given the effects on tumor growth in vivo, but lack of an effect in vitro reported here, the confounding results from the earlier studies may simply have been due to variability in culture conditions or the sub-lines of B16 cells used. A role for MC1R as a growth receptor for melanoma is in agreement with transcriptome analysis of a human melanoma cell line in which MC1R was inhibited by transient transfection of an ASIP cDNA. In that report the translation initiation factor eIF-4B was identified among several genes transcriptionally down-regulated in the ASIP-expressing tumor cell cultures [10] . eIF-4B is a subunit of the cap-dependent translation initiation complex which is regulated by mTOR to increase translation rates of mRNAs with secondary structure in their 5' untranslated region, and which is required for proliferation of normal and malignant cells (reviewed in [39] ). Depletion of eIF-4B using silencing RNA in the human cervical cancer line HeLa reduced proliferation by greater than 90% over a five day period and rendered them more sensitive to killing by the topoisomerase inhibitor camptothecin [40] . It is thereby reasonable to speculate that MC1R signaling participates in maintaining levels of eIF-4B protein high enough to support robust melanoma cell growth and division.
While we did not observe a difference in engraftment capacity for ASIP-expressing B16-F10 cells, Seong and colleagues observed a decrease in melanin-positive B16-F10 lung tumors when an anti-MC1R silencing RNA was introduced just prior to i.v. injection [41] . These authors concluded that MC1R is required for efficient extravasation into the lung. However, this conclusion was based on enumeration of pigmented tumors and did not take into account that loss of MC1R expression would inhibit melanogenesis [20, 42] resulting in unpigmented Another possible mechanism affecting growth inhibition in ASIP-expressing cells may be contributed by the tumor suppressor PTEN. In normal melanocytes α-MSH induces PTEN to associate with the cytoplasmic domain of wild type MC1R, an association that protects PTEN from ubiquitinylation and degradation [43] . Interestingly MC1R variants with reduced affinity for α-MSH show a reduced association with, and protection of, PTEN [43] , suggesting that ASIP may inhibit MC1R protection of PTEN and in this manner slow tumor growth.
The second unexpected finding from our studies was that although the ASIP-expressing tumors were generally smaller in size, mice implanted with either B16-ASIPmChy cells alone, or with a 1:1 mixture of B16-GFP and B16-ASIP-mChy cells had significantly larger overall tumor burdens at the time of euthanasia than did mice with either a 4:1 mix or B16-GFP cells only. While the smaller size of the B16-ASIP-mChy tumors likely results from the slower growth of these cells, as indicated by the increase in the ratio of GFP(+) cells to mChy(+) cells recovered from mice relative to the input ratios, this growth differential alone could not account for the increased overall tumor burdens at survival endpoints. If growth rate were the sole factor determining survival we would have expected the tumor burden to be the same when mice began to exhibit respiratory distress and were euthanized, but this was not the case.
Why then did the mice receiving either i.v. B16-ASIP-mChy alone, or a 1:1 mixture of B16-GFP and B16-ASIP mChy cells live longer before reaching euthanasia criteria? One relevant observation was that when lungs were harvested on Day 12 the tumor foci in the parental B16-implanted lungs were larger and more heterogeneously dispersed than the B16-ASIP tumor foci ( Figure 7B) . We favor the explanation that the B16-F10 tumors compressed the alveoli to a greater extent per tumor dose with the result that animals exhibited respiratory distress and reached euthanasia criteria sooner. The greater tumor load found in the B16-ASIP-mChy bearing lungs ( Figure 5C ) may have been better tolerated because the smaller ASIP-expressing tumors exerted less restriction on pulmonary function.
A second possibility is that ASIP provides a protective function that helps maintain lung function in the presence of a higher tumor load. Conversely, α-MSH made by the parental B16 and the B16-GFP cells may negatively affect lung function. For example, ASIP may influence survival and in vivo tumor growth by inhibition of MC1R found on the tumor vasculature. Although not studied in melanoma, α-MSH signaling through MC1R on vascular endothelial cells increases expression and phosphorylation of endothelial NO synthase and the subsequent production of nitric oxide (NO) in the mouse aorta and coronary vasculature [44] . If the tumor vasculature is similarly responsive to α-MSH agonism then ASIP secreted from tumor cells may counter this influence and decrease tumor blood supply.
A third possible mechanism might involve the differential distribution of ASIP-secreting tumors compared to ASIP-negative parental B16-F10 tumors. This likely results from the increased migratory behavior that we observed in B16 cells stably expressing ASIP as measured in the wound-healing assay (Figure 1 ). This effect has been reported by others when recombinant ASIP was added to B16 cells in culture [27] , or when human ASIP was transiently expressed in human melanoma cells [10] , and it was proposed that the increased wound healing upon acute ASIP exposure would correlate with a higher metastatic potential [27] , but this has not been tested. While we found that mice given mixtures of B16-GFP and B16-ASIP-mChy cells intravenously had "metastases" at various locations other than the pleural cavity, with secondary sites being predominately found in the kidneys, ovaries, and lymph nodes (our unpublished observations and [33] ), the B16-ASIP-mChy cells did not show a higher propensity to form secondary site metastases than the B16-GFP cells. Therefore, the increased migratory behavior of ASIP-expressing cells appeared to be limited to local spread within the lung or subcutaneous tissue and did not represent a true increase in metastatic potential. However, a more thorough analysis using larger numbers of animals is needed to confirm these observations. As a potential new target for melanoma therapy, mimetic peptides derived from ASIP may be useful in biased inhibition of pro-melanoma functions of MC1R although only a few variants of ASIP have been examined. Another potential therapeutic is a peptide derived from human β-defensin 3 (HBD3) which is a natural but neutral antagonist of MC1R and MC4R that competes with and antagonizes α-MSH and ASIP to neutralize cAMP signaling through these receptors [45] . Analysis of a large set of peptide variations of HBD3 yielded one called Neut 2 whose Ki for MC1R (422 nM) was roughly four-fold lower than its Ki for MC4R (1568 nM) [46] . This difference presents a potential therapeutic window for neutral antagonism of MC1R in the absence of an appreciable effect on MC4R control of appetite in the brain. Another highly desirable trait of a therapeutic MC1R ligand would be to inhibit its growth receptor activity on melanoma cells without interfering with antiinflammatory signaling through MC1R on macrophages. One such ligand is the orally administered small molecule ligand AP1189, which has been shown to compete for the α-MSH binding site on MC1R to reduce cytokine release by macrophages in an experimental inflammatory arthritis mouse model, but did not evoke cAMP or melanogenesis in B16-F10 melanoma cultures [47] .
While not yet tested, it may also inhibit growth receptor signaling through MC1R.
All of the analyses described in this report relied on our ability to quantify tumor loads in the lung in the absence of melanin synthesis. Tumor load with the B16 model is typically quantified by counting individual tumor foci made visible by high levels of melanin synthesis. However, the lack of pigmentation in the ASIP(+) cells prevented us from accurately visualizing tumors arising from the B16-ASIP cells. To overcome this limitation we generated B16 variants that expressed either GFP for the parental cell type or mCherry for the B16-ASIP cells. By marking these cells with the fluorescent reporter we could identify both micro-and macro-tumor foci using fluorescence microscopy as has been done by others [48] [49] [50] [51] , but the most significant advantage of using the two fluorescent reporters to individually mark the two cell types was the ability to use flow cytometry to quantify tumor load. The application of flow cytometry also allowed us to detect the 2-fold difference in the growth rate of ASIP(+) and ASIP-null cells after recovery from the lungs of animals, which otherwise would have been difficult, if not impossible to ascertain. Importantly for the studies reported here, we could also examine the influence of secreted ASIP on the distribution and morphology of adjacent ASIPnull tumors. Many other groups have generated B16 lines that express GFP and/or RFP, but to our knowledge we are the first to have successfully taken advantage of these reporters to examine changes in the physiology of cells through the use of flow cytometry and fluorescence microscopy. By visualizing tumor morphology and interactions with the surrounding stroma, it should be possible to study the response to various anti-tumor agents and the contributions of host factors that either inhibit or promote metastasis.
MATERIALS AND METHODS
Cell lines, ASIP cDNA and lentiviral vectors
Human HEK 293 (ATCC), mouse B16-F10 melanoma (ATCC) and the derivative cell lines described below were cultured in high glucose Dulbecco's modified Eagle medium (DMEM) containing 8% FBS. A mouse ASIP cDNA (gift of Dr. R. Mynatt, Penington Biomedical Research Center) was subcloned into mammalian expression vector pCAGGS [52] prior to transfection into HEK293 cells using Lipofectamine 2000 according to the manufacturer's instructions. The ASIP, GFP or mCherry cDNAs were inserted into an FUW lentiviral transfer genome (Addgene) in which the ubiquitin C promoter was replaced by the eukaryotic elongation factor 1-alpha promoter and packaged into VSV-G pseudotyped lentiviral vectors using a ViraPower kit (Invitrogen) according to the manufacturer's instructions. B16-F10 cells were transduced with the ASIP-lentivirus vector to generate a stable, oligo-clonal population of ASIP-secreting cells designated B16-ASIP. After limiting dilution cloning, multiple subclonal lines were identified that expressed detectable amounts of ASIP in the culture medium and one, designated B16-ASIP*, was selected at random for use in the studies. To facilitate identification and enumeration of tumor cells, the parental B16-F10 cells were marked with green fluorescent protein using lentiviral transduction and the stable ASIP-secreting subclone was marked with the red fluorescent protein mCherry (mChy) by a second lentivirus transduction, then both populations were sorted for high fluorescent protein (GFP or mChy) expression by FACS and designated B16-GFP and B16-ASIP-mChy, respectively.
Western blot analysis and quantification of melanin
For Western blot analysis of secreted ASIP, detached cells and debris were removed from culture medium by centrifugation and 50 μL of the cleared supernatant was electrophoresed on a 9% SDSpolyacrylamide gel under reducing conditions and then analyzed by immunoblot probed with anti-mouse ASIP antiserum (generous gift from Dr. V. J. Hearing, NIH) using ECL chemiluminescence (Pierce). Cell lysates were prepared by washing confluent monolayers with PBS to remove excess serum albumin and lysing in MNT buffer [40 mM 2-(N-morpholino)ethanesulfonic acid (MES), 60 mM Tris, 200 mM NaCl, 2.5 mM EDTA, adjusted to pH 7.4] containing 1% Triton X-100.
Proteins from approximately 7x10 4 cell-equivalents were separated by SDS-PAGE and subjected to immunoblot analysis as described above.
The relative melanin content in cell culture supernatants was measured as described by Watts and colleagues [53] except that absorbance at 355 nm was used because spectra measured on serial dilutions of purified melanin pigment (Sigma-Aldrich, catalog #M8631) prepared in growth medium showed an absorbance peak at 355 nm which was directly proportional to the melanin concentration.
Determination of in vitro colony morphology and cell migration assay
B16-F10 or B16-ASIP were plated at a density of 500 -1000 cells in 60 mm culture dishes, fed on day 3, incubated for 7 more days, then fixed and stained on day 10 with Modified Wright-Giemsa (Sigma-Aldrich, catalog #WG-16). Color images of each plate were captured using a D50 digital camera (Nikon) mounted on a SZ-PT microscope (Olympus) and the relative area of thirty-two random colonies (i.e. the first thirtytwo individual colonies encountered in a horizontal scan starting at the approximate equator of each plate) were measured using ImageJ. The mean area ± standard deviation and significance of differences in relative colony size were determined using unpaired t-tests in GraphPad Prism5. For the wound-healing migration assays, B16-GFP or B16-ASIP-mChy cells were plated at 2 x 10 5 cells per well of a 24-well plate and incubated for 8 hr to promote attachment, the monolayers were scratched without removing the medium using a sterile Avant® 20 μL pipette tip. Images were captured immediately after introduction of the scratch/wound and at 12, 16, 20 and 24 hr post-wounding using a Zeiss AxioVert fluorescence microscope fitted with a color Zeiss AxioCam camera and Axiovision 4.7 software. Peptide hormones or control PBS were added to the medium immediately after wounding at the following final concentrations: 1 μM α-MSH, 1 μM somatostatin-14, or 10 nM exendin-4. The extent of cell migration was quantified by measuring the open area in the images at each time point using ImageJ analysis software and the values were plotted and analyzed using GraphPad Prism5. www.impactjournals.com/oncotarget
RT-PCR
Total RNA was isolated from cultured cells, dissociated lung and subcutaneous tumor tissues using QiaAmp RNA Blood kit (Qiagen). cDNA templates were synthesized using Transcriptor First Strand cDNA Synthesis Kit (Roche) followed by polymerase chain amplification using GoTaq Flexi DNA Polymerase (Promega). Sequences of primers used for amplification will be provided upon request.
Mice and tumor implantation
Animal welfare and procedures were performed strictly in accordance with UTHSC Institutional Animal Use and Care committee approved protocols. Female C57BL/6 mice (7-10 weeks old, Charles River) were used in all studies. For injection into study mice, tumor cells were grown to 80% confluence, detached by trypsin, washed once with growth medium, once with 0.5% BSA in PBS lacking magnesium and calcium (PBS-BSA), and then suspended in ice-cold PBS-BSA to prevent cell clumping and maintain cell viability prior to injection. Subcutaneous (s.c.) injection of 5x10 5 total tumor cells into the right hind flank or tail vein injection (i.v.) of 10 6 or 5x10 5 total cells were used to establish tumor models. Once s.c. tumors became palpable, their length and width in millimeters were measured using micro-calipers and tumor volume was calculated using the modified ellipsoidal formula [tumor volume = 0.52(length × width
2 )]. Mice were euthanized when tumor volumes exceeded 2 x 10 4 mm 3 , grooming became poor, >20% of starting weight was lost, or if the tumors became ulcerated. In some lung metastasis studies, mice were euthanized at defined times postimplantation. In survival studies, i.v.-injected mice were euthanized when they showed signs of respiratory distress, poor grooming or >20% weight loss.
Tumor burden determination in experimental lung metastases
After euthanasia by deep sedation with ketamine/ xylazine (200 mg/kg ketamine and 20 mg/kg xylazine) followed by exsanguination and perfusion with icecold saline (0.9% NaCl in calcium and magnesiumfree PBS), the heart and lungs were removed in toto and the left lung was excised and placed in 4% paraformaldehyde. The heart was discarded and the remaining lung tissue was placed in ice-cold DMEM with 5% FBS and single cell suspensions were prepared using a MACS Tumor Dissociation Kit-mouse (Miltenyi Biotec) according to the manufacturer's instructions with the following modifications to increase tumor cell dissociation and reduce their retention in fibrous material on the cell strainers. Lungs were minced much finer than the manufacturer's recommendation, with particular attention paid to cutting apart individual tumor nodules, the dissociation cocktail was added at room temperature, the tumor dissociation program was run twice and the incubation at 37 °C was carried out for 1.5 hr. Tumor burden was then quantified using two methods. First, cell suspensions obtained by dissociation of lung tissue were analyzed by flow cytometry. Second, tumor numbers were quantified from fluorescence micrographs using image analysis software. Composite fluorescence images (Supplementary Figure S4A) were assembled from overlapping green and red fluorescent micrographs captured in 200 msec exposures at 1.25x magnification (2.5x objective and 0.5x reductive camera coupler) using a Zeiss AxioVert epifluorescence microscope and color Zeiss AxioCam digital camera with Axiovision 4.7 software. While densely pigmented B16-GFP tumors showed little green fluorescent signal, in agreement with incident excitation light absorption by the eumelanin as previously reported for GFPmarked B16-F10 tumors in vivo [51] , their identity as pigmented tumors were confirmed by comparison with matching color micrographs ( Figure 7A ). Images of B16-GFP alone and B16-ASIP-mChy alone mouse lungs were scored for tumor number and morphology without adjustment; images shown are also unadjusted. Those of the 2.7:1 mix group were adjusted uniformly in batches to the level of fluorescence intensity observed through the binocular eyepieces on the microscope using an automated action script in PhotoShop CC (Adobe) prior to quantification of tumor numbers. Tumor numbers obtained from this quantification were graphed using GraphPad Prism5.
Statistical analyses
Statistical analyses were performed using the GraphPad Prism5 software and the following statistical algorithms to calculate P values and significance: Mantel-Cox Log-rank Test (survival curves); unpaired, 2-tailed t-test (mean number GFP + and mChy + tumors in lungs); unpaired t-test (mean colony size) and 2-tailed t-test with 99% confidence interval throughout (migration assays). www.impactjournals.com/oncotarget 
